Abstract. Two-dimensional (2D) semiconductors SnP 3 are predicted, from firstprinciples calculations, to host moderate band gaps (0.72 eV for monolayer and 1.07 eV for bilayer), ultrahigh carrier mobility (∼10 4 cm 2 V −1 s −1 for bilayer), strong absorption coefficients (∼10 5 cm −1 ) and good stability. Moreover, the band gap can be modulated from an indirect character into a direct one via strain engineering. For experimental accessibility, the calculated exfoliation energies of monolayer and bilayer SnP 3 are smaller than those of the common arsenic-type honeycomb structures GeP 3 and InP 3 . More importantly, a semiconductor-to-metal transition is discovered with the layer number N > 2. We demonstrate, in remarkable contrast to the previous understandings, that such phase transition is largely driven by the correlation between lone-pair electrons of interlayer Sn and P atoms. This mechanism is universal for analogues phase transitions in arsenic-type honeycomb structures (GeP 3 , InP 3 and SnP 3 ).
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Introduction
Since graphene was stripped off from the bulk graphite in 2004 [1] , it has drawn continuous attention due to its unique properties (including ultrahigh mobility and excellent stability) [2] [3] [4] . However, graphene is in lack of an intrinsic band gap, which hinders its application in field-effect transistors (FETs) [5] , light emitting devices [6] and photovoltaic solar cells [7] . As a result, the exploration of intrinsic two-dimensional (2D) semiconductors becomes thriving. Abundant materials, such as 2D transition-metal dichalcogenides (TMDCs) [8, 9] 2D hexagonal boron nitride (h-BN) [10] and phosphorene [11] , were discovered in succession. Though many device applications based on the above 2D materials were designed to exhibit outstanding properties, the observed performance were usually not perfect. For instance, MoS 2 suffers from poor carrier mobility [12, 13] , and phosphorene runs into air stability problems [14] .
Recently, a new class of 2D materials including GeP 3 and InP 3 were theoretically proposed to ameliorate air instability and were shown to have high carrier mobility and moderate band gap [15] [16] [17] [18] . The study on them can be traced back to 1970s and 1980s [19, 20] . As prototypical examples, GeP 3 and InP 3 , both with the arsenic-type structure, show metallic character in their bulk form [20, 21] , but the corresponding 2D structures have yet to be thoroughly investigated. The theoretical frameworks predicted that 2D GeP 3 has a semiconducting character in its monolayer and bilayer forms, while thicker-layer structures are metallic [15] . Another theoretical prediction claimed that the InP 3 monolayer is a good semiconductor [16] , while others are metals. It is elucidated that the semiconductor-to-metal transition in GeP 3 (or InP 3 ) is attributed to the strong quantum confinement effect [15] (or related to surface relaxation [16] ). Still, the applicability of such mechanism for phase transition is yet to be verified. An alternative candidate for arsenic-type honeycomb structures is SnP 3 that owns the same crystal structure as GeP 3 and InP 3 . The bulk SnP 3 can be readily produced in ambient conditions [20] , while both the sources tin (Sn) and red phosphorous (P) are earth-abundant. A recent theoretical work predicted 2D SnP 3 with outstanding multifunctional properties partly through the conventional methods (such as the slab method for calculating the exfoliation energy) and reported its electronic phase transition is mainly related to the interlayer interaction [17] . Yet, the reliability of these methods is to be verified, and the interlayer interaction is not clearly demonstrated for understanding the mechanism of layer-dependent semiconductor-to-metal transition. Therefore, for 2D SnP 3 , there remains a lack of study toward its fundamental and exotic properties with advanced methods, and a universal understanding of the electronic phase-transition is badly needed.
In this paper, based on first-principles calculations, we have studied the electronic and optoelectronic properties of 2D SnP 3 with advanced methods.
We discovered that the monolayer and bilayer SnP 3 are 2D semiconductors with multiple superior properties (good stability, moderate bandgap and high mobility). In addition, the feasibility to prepare 2D SnP 3 from its bulk form was also addressed in this study.
More importantly, we elucidated that the mechanism of the semiconductor-to-metal transition and the associated structural deformation in Nlayer SnP 3 (for N > 2) can be well explained by the correlation of interlayer lone-pair electrons, other than the previously proposed quantum confinement effect (QCE) [15] or surface Page 2 of 13  AUTHOR SUBMITTED MANUSCRIPT -JPCM-112255.R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t relaxation [16] . Our proposed mechanism is then demonstrated to be generally applicable in GeP 3 and InP 3 structures.
Methods
Density functional theory calculations were carried out using the projector augmented wave (PAW) method [22] and a plane-wave basis set as implemented in the Vienna abinitio simulation package(VASP) [23] . The generalized gradient approximation (GGA) was employed to describe the exchangecorrelation potential [24] .
The DFT-D3 method [25] was adopted in describing the van der Waals (vdW) interaction. The energy cutoff for the plane-wave basis was set to 450 eV for all the calculations.
The kmeshes of 6×6×4 and 6×6 were adopted to sample the 3D and 2D first Brillouin zone, respectively. The band structures calculations were carried out by hybrid functional of Heyd, Scuseria, and Emzerhof (HSE06) [26, 27] . The spin-orbital coupling effect did not qualitatively influence the electronic structure in our study, and in the calculations hereafter we did not take spin-orbit coupling (SOC) into account unless stated otherwise [see Fig. S1 in the Supplemental Material (SM) [28] ]. The phonon-related properties were calculated using density functional perturbation theory (DFPT) [29] , which is implemented in the Quantum Espresso (QE) code [30] . The normconserving pseudopotentials [31] are used in QE calculations. The cutoff energy for wave function (charge density) is 60 (240) Ry. The convergence thresholds for electronic energy and phonon perturbation potential were set to be as low as 10 −10 and 10 −8 Ry. Other computational details (such as exfoliation energy, carrier mobility, absorption spectra) can be found in SM.
Results and discussion

Atomic Structures of Bulk and Few-layer SnP 3
Bulk SnP 3 is subject to the rhombohedral lattice with a space group of R3m (No. 166), which in turn yields a layered geometry, right the same as the structure of bulk GeP 3 and InP 3 , as shown in Figs. 1(a) and 1(b) . It possesses an arsenic-type honeycomb structure in the a − b plane and a layered structure with ABC-stacking along the c direction. In each layer, every Sn atom forms three intralayer Sn-P bonds with three neighboring P atoms, and each P atom forms two P-P bonds and one Sn-P bond with neighboring intralayer P and Sn atoms, respectively.
Our calculated results explicitly show that the vertical interlayer (Sn-Sn) distance (d) of bulk SnP 3 is 1.94Å [denoted in Fig. 1(c) ], which is much shorter than the vdW gaps in classical layered materials like graphite (d=3.36Å) and bulk MoS 2 (d=3.00 A). The local structure surrounding Sn has a C 3V symmetry, which in turn constitutes a distorted octahedral environment formed by P atoms from both intralayer and interlayer [the right panel in Fig. 1(b) ]. Hence, each Sn atom has six P neighbors: three in the same layer separated by a distance of 2.68Å while the other three are in an adjacent layer at a slightly larger distance of 2.93Å. The three Sn-P chemical bonds and three pseudobonds, which are contributed from intra-and inter-layer P, respectively, only have slightly different bond lengths, indicating much stronger interlayer interaction in SnP 3 than the vdW interaction in conventional 2D materials like few-layer graphene or MoS 2 . Additionally, according to the vdW radii of Sn and P atoms (see Table S1 in SM [28] ), the estimated typical A c c e p t e d M a n u s c r i p t vdW distance between the Sn atom and the interlayer P atom should be about 3.97Å, which is significantly larger than the distance (2.93Å) in SnP 3 . This further indicates that SnP 3 could not be a classical vdW material, and the mechanism underlying the strong interlayer interaction will be addressed later. The lattice parameters of bulk SnP 3 are fully optimized, yielding a = b = 7.44 and c = 10.52Å, in line with the experimental result [20] and the theoretical work [17] . In comparison, the optimized lattice constants of the monolayer SnP 3 are a = b = 7.15Å, which are contracted with respect to its bulk form. More significantly, for the monolayer, the bond angles of P-P-P and P-Sn-P [labeled in Fig. 2 Tables S3 and S4 in SM [28] ). With the increasing number of layers (N ), eventually h decreases (from 2.87 A in monolayer) to 1.58Å in bulk phase. To our common sense, the surface atoms of a 2D material normally satisfies the surface electron counting rule [32] and, intuitively, no such reconstruction is to be expected upon the surface cleaving or vdW restacking, and this can be verified in typical 2D materials like graphene or MoS 2 . As we will show later that the above structural deformations (specifically in thickness, lattice constant and bond angle) are originated from the variation of the hybridization in the intralayer, which is driven by the correlation interaction between lone pairs of interlayer Sn and P atoms. A c c e p t e d M a n u s c r i p t Table 1 . Similarly, the O adsorption energy for the bilayer SnP 3 case is also lower than that of the other three structures (Table 1) , indicating 2D SnP 3 to be a good chemical stability material. For experimental accessibility, we could calculate the exfoliation energy, which describes the energy cost of peeling the top layer from a surface of a bulk crystal. It can be considered as a benchmark for the feasibility of mechanical exfoliation in experiments. There are two common methods to calculate the exfoliation energy. One is called "slab method", which is defined as the total energy difference between a thick slab and that "an isolated layer" plus "the remaining slab" [15, 16, [33] [34] [35] . It was claimed that the exfoliation energy of SnP 3 was calculated following the traditional slab method [15, 16, [33] [34] [35] [16] . However, the slab method suffers from some serious problems, including computationally heavy cost (due to energy convergence with slab thickness) and inaccuracy treatment (for the lattice parameters change, the structural relaxation and reconstruction of the isolated layers in the supercell) [37] , especially for the SnP 3 (GeP 3 and InP 3 ) systems with outstanding structural change from bulk to 2D.
Recently, a rigorous method [37] has been proposed. The rigorous method can deal with many complicated situations, such as surface relaxations, reconstructions and the in-plane lattice constants change, since the above computational complications exactly cancel out in the "rigorous method" for structures before and after exfoliation. In Table 2 .
Calculated exfoliation energy of 2D semiconducting SnP 3 , GeP 3 , InP 3 .
The unit of the exfoliation energy is Jm −2 . SnSe [38] [39] [40] and phosphorene [37] A c c e p t e d M a n u s c r i p t addition, this method does not involve a thick slab for simulation but only requires the optimized primitive unit cell of a bulk crystal and the isolated layer, resulting in a lower computational cost. Therefore, we employed the rigorous method [37] to calculate the exfoliation energy of layered materials instead of the conventional slab method [15, 16, [33] [34] [35] .
The n-layer exfoliation energy per unit area E exf (n) can be obtained exactly as the groundstate energy difference between a bulk material (per atomic layer) and a single isolated layer, expressed as
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Band Structures of Bulk and 2D SnP 3
Electronic band structure calculations suggest that the bulk SnP 3 is a metal with multiple bands crossing the Fermi level [ Fig. 1(e) ], in consistent with the bond-valence picture: three P atoms, each has three valence electrons and a pair of lone-pair electrons (LPEs), are coordinated with one Sn atom having four valence electrons and thus the metallic property is derived from the additional one electron of the Sn atom. In contrast to this picture (which only takes into consideration of intralayer interaction), the monolayer SnP 3 exhibits a semiconducting character typified by an indirect band gap of 0.72 eV, as shown in Fig. 2(d) , which is in explicit contrary to the above anticipation that it should be a metal.
In addition, the SnP 3 bilayer is also a semiconductor with a larger band gap of 1.02 eV (which is also in contrary to the quantum confinement effect [15] ).
However, for thicker layers, they will always exhibit metallic character as in the bulk. The above results indicate a typical layerdependent semiconductor-to-metal transition in 2D SnP 3 (when N > 2), which should be a subject of interesting and the mechanism will be elaborated later. Moreover, our results reveal that the electronic properties of the 2D SnP 3 can be effectively modified by means of the external strain [see Fig. S4 ], which could lead to a wide range of applications in flexible nanoelectronics and photoelectronics.
Multiple Superior Properties
Discovering new two-dimensional (2D) semiconductors with multiple superior properties (good stability, suitable bandgap and high mobility) are of great important in the area of novel electronic and optoelectronic devices. We have shown that SnP 3 have stable structures and moderate (strain-tunable) band gaps. Besides, we reveal that the carrier mobility for both the monolayer and bilayer are as high as ∼10 3 A c c e p t e d M a n u s c r i p t in-plane stiffness [see Table ( 3)]. For the calculations of carrier mobility, the Ni's group [17] used an alternative expression
which always overlooked the effective connection along the two directions, resulting in an overestimation of the carrier anisotropy [43] . Given the anisotropic nature of the system, we then estimated the light harvesting performance of them by calculating their absorption spectra for light polarization along the in-plane and out-of-plane directions with the HSE06 functional. As presented in Fig. S3 , the absorption coefficients of both structures can reach an order of 10 5 cm −1 that covers the entire visible light spectrum, which are very comparable to the performance of organic perovskite solar cells [44] . The monolayer (bilayer) SnP 3 has a strong absorption of inplane-polarized light ranged between 1.0 (1.0) and 4.0 (2.0) eV, but is transparent to outof-plane-polarized light in the same energy range; this phenomenon can be understood by the selection rules on the symmetries of this anisotropic material.
Thus, the SnP 3 monolayer (bilayer) can be a natural optical linear polarizer, which can be used in liquidcrystal displays, (bio)dermatology and optical quantum computers.
Mechanism of semiconductor-metal transition and structural deformation
Given that the geometric structure of 2D and bulk SnP 3 are largely different (see Table S4 in the Supplemental Material [28] ), especially for the distinction between monolayer and the bulk where the layer thickness and bond angle have sharp differences, and also that a semiconductor-to-metal transition happens (for N > 2) in accordance to the electronic structure, the underlying mechanism of the structural deformation and electronic phase transition can be further investigated through comparing more detailed information between the two (bulk and 2D).
We now utilize the electron localization function (ELF) and projected density of states (PDOS) to understand the physics underlying the phase transition. Figs. 3(a) and 3(b) show the ELF of monolayer and bulk SnP 3 , respectively. ELF can reflect the bonding nature in systems, as well as the distribution of lone-pair electrons (LEPs) of atoms. For the monolayer [ Fig. 3(a) ], it is shown that electrons are aggregating along the Sn-P bond, indicating a polarized covalent bonding nature. On the other hand, the LPEs on the edge of P and Sn atoms are clearly diverged from the covalent bonding electrons between Sn and P. The LPEs of Sn atom are slightly pushed away from the Sn atom and broadening into the vdW gap, indicating a relatively nonlocal character; while LPEs of P atom are much localized near the nuclei. This may be understood by the different electronegativity of Sn atom (1.96 in Pauling scale) and P atom (2.19). However, in the bulk, the LPEs distribution of Sn atoms are very non-local (ELF≈ 0.5, in green), while the LPEs of P atoms are still local (ELF≈ 1, in red). The remarkable difference of ELF between the monolayer and bulk indicates that the LPEsLPEs interaction between interlayer Sn and P atoms may play a key role in the above electronic phase transition and the associated structural deformation.
It is well known that usually LPEs are non-valence-states and do not participate in the chemical bonding.
Recently, it was reported that in some materials the LPEs could participate in bonding behavior through complex coupling with the hybridization 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t orbitals, and in turn affect the distribution of electrons and then deform the geometric structure [45] [46] [47] [48] . For example, the interaction between the s − p hybridized states of Sn and p-orbital of O leads to an antisymmetric distribution of LPEs in bulk SnO, where LPEs are located near Fermi surface [45] . In the SnP 3 monolayer, we notice that the interaction between the s−p hybridized states of Sn and the p-orbital of P indeed contributes to the antisymmetric distribution of LPEs Fig.  3(c) . In window A, the localized LPEs of Sn are dominated, while that contribution of P atoms becomes less significant. In contrast, in window B, the Sn atom contributes some weakly localized states (red) of LPEs, whereas the LPEs of P atom are strongly localized and abundant. Combining windows A and window B will yield a full picture for the character of ELFs in monolayer [ Fig. 3(a) ]. For the SnP 3 bulk [ Fig. 3(d) ], the partial charge density in window C [-2.15 eV, -1.85 eV] agrees well with its ELF character [ Fig. 3(b) ]. The window D [-0.35 eV, 0.05 eV] shows very non-local LPEs (green) of both Sn and P atoms, which deserves our attention, as it will be shown in the next that such non-local states play an important role in the semiconductor-to-metal transition in 2D SnP 3 .
The broadening characteristic of the density of states around Fermi level can be attributed to the enhanced orbital hybridization between the intralayer Sn and P atoms as the A c c e p t e d M a n u s c r i p t P-3p z P-3p x +3p y Sn-5p z P-3s
Sn-5p x +5p y Sn-5s 1L 2L 3L Figure 4 . (Color Online) Fat-band structure of monolayer, bilayer and trilayer SnP 3 . In the SnP 3 monolayer, P-3p z orbital mainly contribute to the VBM (K point) and CBM (Γ point), respectively. For the bilayer, P3p x +3p y orbital mainly contribute to the VMB state (K point), while Sn-5s orbital happens to dominate the CBM (Γ point) number of layers increases, which is well typified by the PDOS of the monolayer given sharp peak at window B [ Fig. 3(c) ] but gapless and flat states for the bulk case at window D [ Fig. 3(d) ], and by the largely dispersed energy bands across Fermi level (along Γ-K vector) for the trilayer case shown in Fig. 4 . The underlying reason can be understood as follows: from the above pictures it is shown that the local potential filed of few-layer and bulk SnP 3 has a C 3V symmetry, which leads to a distorted octahedral local environment of six P atoms surrounding one Sn atom [see the right panel in Fig. 1(b) ]. The LPEs of Sn atom will favorably exhibit coupling with the LPEs of P atom in adjacent layers. Even though they do not form typical chemical bonding, there is a non-negligible interaction between the two (LPEs on Sn and P in adjacent layers) in terms of electron-electron correlations, since such LPEs on Sn are not sufficiently localized as elucidated above. Such LPEs-LPEs repulsion between interlayer(s) will to some extent change the intrinsic electronic structure of these non-bonding states and deform/distort the lattice geometries, which in turn reconstruct the hybridization and bonding in the intralayers. This can be verified by Fig. 4 , which shows that the spatial distribution of these LPEs states is changed significantly upon the Page 10 of 13 AUTHOR SUBMITTED MANUSCRIPT -JPCM-112255. R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t varying of layer numbers. Then, the resultant correlation (Coulombic repulsion) between the interlayer LPEs will distort the octahedral environment. In this regard, it is noted that the Sn atoms shrinks substantially into the layerside and distorts the local environment, which also accounts for the decreased h, as shown in Fig. 1(c) and Fig. 2(b) . Such distortion will deform the orbital hybridization between the intralayer Sn and P atoms, and eventually, drive the 2D system from a semiconductor into a gapless metal.
Recently, it was claimed that the quantum confinement effect (QCE) should be a driven force for the semiconductor-metal transition in GeP 3 systems [15] . In this regard, we should point out that actually the electronic phase transition in such systems is not originated from the QCE. In 2D systems, charge carriers (electrons or holes) are confined in the vertical direction but free to move in the two parallel directions. Although the continuous energy bands of a metallic system tend to be discrete in the confined vertical direction, the metallic nature in the parallel directions is unlikely to be qualitatively affected by the QCE [49] . For the case of SnP 3 , the semiconductor-metal transition happens at N =3, with not only significant changes of band gap but also band orbital-character (Fig. 4) , which is due to the non-negligible LPEs-LPEs repulsion between layers. Furthermore, our results show that the band gap of SnP 3 is decreased as the layer number is further reduced (from N =2 to 1), which is seemingly in contradiction with QCE that is supposed to give an increased band gap. On this point, we should note here that actually the band edges of this 2D system have been changed upon the varying of layer number: while both the VBM and CBM are mainly contributed from the p x +p y states of P in the bilayer case, in the monolayer, the two band edges are dominated by the p z states (Fig. 4) ; on the other hand, it can be noted that the band degeneracy and band dispersion of the CBM states are also largely different in these two cases. Such band deformation is a consequence of the LPE-LPE correlation effect, which makes the band gaps of the two systems incomparable in respect to the evaluation of QCE. This explains why the band gap of 2D SnP 3 is unexpectedly reduced as the layer size decreased. We should point out that such phenomenon also takes place in the GeP 3 case [15] , which is determined by a combined result of QCE and LPE-LPE correlation, rather than the QCE itself.
In addition, the whole layers of the system will significantly adjust their atomic positions and reconstruct the electronic structures as a result of the interlayer LPEs-LPEs repulsion, such interlayer deformation is fundamentally different from the case of surface relaxation, which happens only on the surface layer and with only finite atomic relaxations. Therefore, the non-negligible electron-electron correlations between the broadened LPEs on Sn and the LPEs on P play a crucial role in the observed structural deformation and semiconductor-to-metal transition. As a verification of the above picture, our proposed mechanism is then checked to be generally applicable in GeP 3 , InP 3 and their analogs.
Conclusion
In summary, based on our comprehensive studies, SnP 3 is shown to be a stable 2D semiconductor with a variety of outstanding electronic properties and optical performances. The calculated exfoliation energies are 0.76 and 0.57 Jm −2 for monolayer and bilayer SnP 3 , respectively, which offers good synthesizability through the liquid-phase exfoliation method 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t [41, 42] . Apart from these findings, the mechanism of the observed semiconductor-metal transition in N -layer SnP 3 (for N > 2) is also addressed. It is found that the interlayer LPEs-LPEs correlation alters the intrinsic orbital hybridization within the intralayer, drives the atomic structure deformation and accounts for the resultant semiconductor-metal transition. We also point out that the quantum confinement effect and surface relaxation are not driven factors for this electronic phase transition. Beyond these physics, this mechanism also offers us with a novel means to modulate the electronic structure of 2D material for potential applications. The multifunctional 2D semiconductor SnP 3 , with good stability and tunable properties as manifested in this study, could be a building block for the future integrated multi-applications in field-effect transistors, light-emitting devices, photovoltaic solar cells and flexible electronics. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
